Neonatal hypoxic ischemic encephalopathy (HIE) resulting from intrapartum asphyxia is a global problem that causes severe disabilities and up to 1 million deaths annually. A variant form of activated protein C, 3K3A-APC, has cytoprotective properties that attenuate brain injury in models of adult stroke. In this study, we compared the ability of 3K3A-APC and APC (wild-type (wt)) to attenuate neonatal brain injury, using the spiny mouse (Acomys cahirinus) model of intrapartum asphyxia. Pups were delivered at 38 days of gestation (term = 39 days), with an intrapartum hypoxic insult of 7.5 min (intrapartum asphyxia cohort), or immediate removal from the uterus (control cohort). After 1 h, pups received a subcutaneous injection of 3K3A-APC or wild-type APC (wtAPC) at 7 mg/kg, or vehicle (saline). At 24 h of age, pups were killed and brain tissue was collected for measurement of inflammation and cell death using RT-qPCR and histopathology. Intrapartum asphyxia increased weight loss, inflammation, and apoptosis/necrosis in the newborn brain. 3K3A-APC administration maintained body weight and ameliorated an asphyxia-induced increase of TGFβ1 messenger RNA expression in the cerebral cortex, immune cell aggregation in the corpus callosum, and cell death in the deep gray matter and hippocampus. In the cortex, 3K3A-APC appeared to exacerbate the immune response to the hypoxic ischemic insult. While wtAPC reduced cell death in the corpus callosum and hippocampus following intrapartum asphyxia, it increased markers of neuro-inflammation and cell death in control pups. These findings suggest 3K3A-APC administration may be a useful therapy to reduce cell death and neonatal brain injury associated with HIE.
Introduction
Each year, approximately 4 million neonates experience a period of acute hypoxia-ischemia during birth [1] , often leading to the clinical presentation of hypoxic ischemic encephalopathy (HIE), and a range of adverse outcomes, including neurological disability and even death [2] . At a mechanistic level, the hypoxic ischemic (HI) insult initiates a cascade of cellular responses that lead to oxidative stress, neural excitotoxicity, and neuro-inflammation in the neonatal brain, which contribute to irreversible cell damage, apoptosis/necrosis, and permanent neurological deficits [3] .
Activated protein C (APC) is a vitamin K-dependent glycoprotein derived from the protein C zymogen produced by the liver which, through interaction with thrombomodulin and/or endothelial protein C receptor (EPCR), has both anticoagulant and cytoprotective properties [4] . APC has shown promise for treatment of a number of conditions, including adult ischemic stroke [5] and thrombosis [6] . APC has been shown to downregulate NFκB-driven inflammatory cytokine release from leukocytes and endothelial cells [7] , downregulate pro-apoptotic proteins Bax and p53 [8] , and protect the endothelial barrier [9] [10] [11] . Experimental studies examining the neuroprotective effects of APC in neonatal HIE have shown that APC treatment reduced the level of apoptosis in the dentate gyrus and cornu ammonis CA1, CA2, and CA3 hippocampal regions compared to the vehicle-treated group [12] and ameliorated systemic inflammation [13] . However, the anticoagulant properties of APC increase the risk of bleeding and intracranial hemorrhage in neonates, as shown in a subgroup of children < 60 days of age with sepsis who were treated with APC [14] . To utilize the neuroprotective properties of APC and minimize the associated risk of bleeding, a variant form of APC has been genetically engineered-3K3A-APC-differing from wild-type APC (wtAPC) through the replacement of 3 lysine residues with 3 alanine residues (K191A-K192A-K193A). This structural change significantly decreases, by 80 to 90%, the anticoagulant properties of APC while preserving cytoprotective actions [15] . This variant form of APC exhibited superior neuroprotection to wtAPC in an adult mouse stroke model [16] and is currently being trialled as a treatment for adult ischemic stroke (ClinicalTrials.gov Identifier: NCT02222714). However, there have been no experimental studies investigating the use of 3K3A-APC to treat neonatal hypoxic ischemic brain injury.
Using a well-validated model of intrapartum asphyxia in the spiny mouse [17] [18] [19] [20] [21] [22] , we investigated the effects of 3K3A-APC treatment on the neuropathology that follows brief asphyxia, in comparison with vehicle (saline) or wtAPC treatments. Specifically, our aim was to assess the cerebral effects of 3K3A-APC in both the gray and white matter by examining markers of neuro-inflammation and cell death. We hypothesized that 3K3A-APC would display the same neuroprotective affects in the hypoxic ischemic neonatal brain as have been previously described for wtAPC, on assessment of neuropathology and gene expression at 24-h postnatal age.
Methods

Ethical Approval
Ethical approval was granted by the Monash Medical Centre A (MMC-A) Animal Ethics Committee (AEC; AEC Project Number: 2011/49) for all procedures and conditions utilized in this project.
Housing Facility and Animal Care
Spiny mice (Acomys cahirinus) were sourced from the Monash Medical Centre colony. These spiny mice were bred and housed as previously described [23] .
Intrapartum asphyxia was induced at 38 days of gestation (term at 39 days) as previously described [17] [18] [19] [20] [21] [22] . Briefly, pregnant dams were killed via cervical dislocation. Immediately, a midline abdominal incision was made to access the uterus, which was then ligated at the cervix and top of the uterine horns. The entire uterus containing the unborn pups was removed and placed in a 37°C saline bath for 7.5 min to induce a hypoxic insult (n = 13 dams, n = 33 pups). Following this period of progressive hypoxia in utero, the uterus was opened on a heated pad (40°C), and the pups were quickly removed and then resuscitated by clearing the airways and rubbing and stimulating the chest and abdominal regions with warm, moistened cotton tips. Pups assigned to the control group (n = 9 dams, n = 19 pups) were delivered via cesarean (c) section and immediately resuscitated (time to deliver all pups from the uterus, 43.5 ± 8 s).
At 1 h after delivery, surviving pups from both asphyxia and c-section deliveries received a subcutaneous injection of either 7 mg/kg of human recombinant wtAPC (Xigris; Eli Lily, Indianapolis, IN) or 7 mg/kg of human recombinant 3K3A-APC (a gift from ZZ Biotech, Rochester, NY; Lot No.: FILZB1-03) or an equivalent volume (7 μL/g of body weight) of sterile saline. The APC dose was calculated from the human dose of 576 μg/kg/day [24] , with adjustment for species differences [25] . After administration of the drug or saline, the experimental pups were cross-fostered to a lactating dam that had given birth in the preceding 1 h to 12 h.
At 24-h postnatal age, pups were weighed and then sacrificed via cervical dislocation. Brain weight was recorded, before the right cerebral hemisphere was dissected to obtain a sample of the cerebral cortex and deep gray matter (DGM), which were immediately snap-frozen in liquid N 2 and stored at − 80°C for subsequent molecular analysis. The left hemisphere was left intact and immersion fixed in 10% buffered formalin for 2 days, before being processed to paraffin for histological examination.
Gene Expression
Real-time quantitative polymerase chain reaction (RT-qPCR) was used to determine the messenger RNA (mRNA) expression of a suite of genes associated with inflammation (NFκB, TNFα, IL-6, IL-1β, and IL-4), neuronal populations (S100B and ENO2), and apoptosis (Casp3, P53, HSP70, Bax:Bcl2, and TGFβ1) in cortical and DGM regions obtained from the 24-h-old pups delivered by c-section or after intrapartum asphyxia. Cyclophilin A (PPIA) and 18S ribosomal 1 (RN18S1) were used as housekeeping genes. Primer sequences are shown in Table 1 . Total RNA was extracted from both the frozen cortex and DGM tissues using RNeasy kits according to the manufacturer's protocol (Qiagen, Glen Forrest, Australia) and reverse transcribed to form cDNA according to the manufacturer's protocol (Promega, Madison, WI).
RT-qPCR was carried out using SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) and Stratagene Mx3000P (Thermofisher Scientific, Waltham, MA) thermal cycler system. Cycling conditions were as follows: 95°C for 10 min; 95°C for 15 s, 60°C for 1 min × 40 cycles; and 95°C for 5 s, 60°C for 15 s, 95°C for 15 s × 40 cycles. Data from qPCR was analyzed according to the ΔΔ CT method [26] , and results are expressed relative to values obtained for the salinetreated, c-section control pups.
Neuropathology
Tissue Preparation Sagittal sections of 5 μm thickness were cut using a microtome and mounted on Superfrost™ glass slides (Menzel-Gläser, distributed by Lomb Scientific Pty Ltd., Australia). Slides were left in a 37°C oven overnight to ensure adhesion of the sections.
Hematoxylin and Eosin Brain sections were first stained with hematoxylin and eosin (H&E) to discern the gross morphology and anatomical location as compared to defined levels in a mouse brain atlas [27] . The brain regions included in subsequent analysis were the corpus callosum, parietal cortex (cortex layers 2-6), DGM (which consists of the caudate putamen and thalamus), and hippocampus, selected topographically using published nomenclature for the mouse brain at the mid-sagittal and mid-striatal level (corresponding to the mouse brain atlas of sagittal sections at level 16 [27] ). The H&E stain was also used to make observations of intracerebral hemorrhage.
Immunohistochemistry Microglia were identified using rabbit anti-ionized calcium-binding adaptor molecule (Iba-1) (1:500; 019-19741, Wako Laboratory Chemicals, Japan), and activated microglia were identified using anti-CD11β antibody (CD11β) (1:1000; AB62817, Abcam, Australia). Astrocytes were identified using monoclonal anti-glial fibrillary acidic protein (GFAP) antibody (1:400; G3893, Sigma, Australia). All sections were deparaffinized, and antigen retrieval was performed by pretreating with citrate buffer (pH 6.0) for 7 min in the microwave oven. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxidase. Nonspecific binding was blocked by incubation in 10% goat serum in PBS for sections incubated with the Iba-1 and GFAP antibodies and by incubation in CAS-Block Histochemical Reagent (008120; Thermo Fisher Scientific, Australia) for sections incubated with the CD11β antibody.
Sections were subsequently incubated overnight with the primary antibodies at 4°C. Note, a slide with primary antibody omission was used as a negative control for each run of slides. All sections were incubated in appropriately matched secondary antibodies (1:200) for 60 min and reacted using avidin-biotin peroxidase complex kit (VEPK6100; Vector Laboratories, Burlingame, CA). Reactive product was visualized using 3,3′-diaminobenzidine (8980681; MP Biomedicals, Santa Ana, CA) according to the manufacturer's instructions.
TUNEL Assays To identify cell death (apoptotic and necrotic), paraffin sections were reacted with the DeadEnd Colorimetric TUNEL System that labels terminal deoxynucleotidyl transferase dUTP, according to the manufacturer's instructions (G7130; Promega, Australia).
Image Analysis All sections were digitally scanned (Image Scope; Aperio Technologies, Inc.) and analyzed at × 400 magnification by an observer blinded to the experimental groups. Two mid-sagittal sections 10 μm apart were examined per animal for each selected brain region. Iba-1-, GFAP-, CD11β-, and TUNEL-positive cells were manually counted in 12 fields for the parietal cortex (100 μm × 100 μm). The depth of the cortex from layer 2 to layer 6 was measured and then divided evenly into upper and lower levels: 6 fields were randomly placed in each level and counted. For the hippocampus, 24 fields (50 μm × 50 μm) were randomly plotted in each brain region of interest in each tissue section. The results were expressed as areal density (cells/mm 2 ). For the corpus callosum and DGM (thalamus and caudate putamen), the entire region of interest was outlined, its area was calculated, and all positive cells in the region were counted. In addition to counting the total number of microglia, the number of activated microglia was identified as Iba-1-positive cells with an amoeboid morphology [28, 29] , usually with a large cell body of round or irregular shape, with short, thick branching processes or devoid of branching processes, and was expressed as the number of cells/square millimeter [28] .
Statistical Analysis
All data were assessed for normal distribution. A 2-way ANOVA was used for all statistical comparisons [30] . The 2 independent variables analyzed were birth mode (P Birth ; csection or intrapartum asphyxia) and drug administration (P Treat ; saline, wtAPC, or 3K3A-APC). When a significant interaction (P Int ) between birth mode (P Birth ) and drug administration (P Treat ) was identified, a Tukey post hoc analysis was conducted to identify which combination(s) of birth type and drug administration was responsible for the significant difference(s). All statistical comparisons were performed with GraphPad Prism 6 statistical software. Data are presented as mean ± standard error of the mean (SEM), with statistical significance accepted when P was < 0.05.
Results
General Characteristics
A summary of cohort characteristics for this study is reported in Table 2 . There were no differences in sex ratios between groups. Intrapartum asphyxia produced a moderate mortality rate, with 69% of spiny mouse pups experiencing the hypoxic insult surviving to 24-h postnatal age; there were no sex differences in survival rates (males, 70%; females, 68%). There was a significant difference in the average body weight of pups delivered by c-section or intrapartum asphyxia (P Birth < 0.01), with control pups being heavier than asphyxiated pups, despite random allocation of pregnant spiny mice to the different modes of delivery, and consistent litter sizes between cohorts. The difference in body weight between groups was still evident 24 h after delivery. At postmortem, it was evident that intrapartum asphyxia had resulted in a significant decrease of body weight of pups in all the treatment groups, compared to those delivered by c-section (P Birth < 0.01). All pups had lost weight during the first 24 h, but the greatest loss occurred in the asphyxia group treated with wtAPC, in which the weight loss was 17.23% (Table 2) . Pups treated with 3K3A-APC showed a weight loss of 6.40%, which was comparable to that observed in the c-section-saline pups (4.02%). The smallest relative loss of body weight (3.23%) occurred in the pups delivered by c-section and who received the 3K3A-APC treatment (Table 2) . Total brain weight was also significantly lower after intrapartum asphyxia compared to c-section-delivered offspring (P Birth < 0.001). Of note, the lowest brain weights were recorded in the asphyxiated pups who had received the wtAPC treatment-15% less than the c-section controls. Despite the overall reductions of body weight and brain weight of the asphyxiated pups, there was a significant increase in the brain/body weight ratio in these offspring at postmortem (P Birth < 0.001), and this was not different between the saline, wtAPC, and 3K3A-APC-treated groups (Table 2) .
Gene Expression
mRNA expression was assessed in the cortical and DGM regions of the brain, 24 h after intrapartum asphyxia.
Pro-inflammatory NFκB mRNA expression, a protranscriptional factor for inflammatory cytokines, was upregulated following intrapartum asphyxia in the cortical samples (Table 3 ; P Birth < 0.01). This response was most pronounced in the asphyxiated pups administered 3K3A-APC (P Int < 0.01). TNFα mRNA expression was not changed by intrapartum asphyxia alone but was also significantly increased in the asphyxiated pups treated with 3K3A-APC (Table 3 ; P Int < 0.05). Intrapartum asphyxia alone had no effect on IL-6 mRNA; however, a significant interaction was observed, with expression being upregulated in the asphyxiated pups administered saline and 3K3A-APC, but not after intrapartum asphyxia in the pups treated with wtAPC (P Int < 0.01). No changes in IL-1β were observed between groups. In the DGM, NFκB mRNA expression was upregulated following intrapartum asphyxia when compared to c-section-saline controls, irrespective of drug administration (P Birth < 0.001).
No changes in TNFα, IL-6, or IL-1β mRNA expression were observed between groups (Table 4) .
Neuronal Population Markers Intrapartum asphyxia led to a downregulation of S100B and ENO2 mRNA expression in cortical tissue (Table 3 ; P Birth < 0.01 and P Birth < 0.05, respectively), an outcome not affected by administration of wtAPC or 3K3A-APC. No changes for these markers were observed in the DGM (Table 4) .
Anti-inflammatory Expression of IL-4 mRNA in the cortex was upregulated after intrapartum asphyxia in pups administered either saline or 3K3A-APC (P Birth < 0.01), but no change in expression was observed in the asphyxiated pups treated with wtAPC (Table 3 ; P Int < 0.05). Mode of birth or drug administration had no effect on IL-4 mRNA expression in the DGM (Table 4) . Apoptosis In the cortex, there were no differences in the mRNA expression of pro-apoptotic markers Casp3, P53, and Bax:Bcl2 between groups (Table 3 ). HSP70 mRNA expression was increased with intrapartum asphyxia, irrespective of the treatment at 1 h (P Birth < 0.01). TGFβ1 mRNA expression was upregulated following intrapartum asphyxia when saline or wtAPC was administered but downregulated in the asphyxiated pups treated with 3K3A-APC (P Int < 0.01). In the DGM, P53 mRNA expression was increased with birth asphyxia compared to csection-saline pups, irrespective of drug administration (Table 4 ; P Birth < 0.05). Casp3 mRNA expression was not altered directly by intrapartum asphyxia, but expression was significantly lower in the asphyxia group given 3K3A-APC compared to the intrapartum asphyxia-saline cohort, as well as the c-section controls (P Treat < 0.05, P Int < 0.001). No significant differences were observed between groups for the other pro-apoptotic markers assessed (HSP70, Bax:Bcl2, TGFβ1) (Table 4) . Values are mean ± SEM; n = 6-9/group. Statistical analysis, 2-way ANOVA with the 2 independent variables as birth mode (P Birth ; control c-section vs intrapartum asphyxia) and drug administration (P Treat ; saline, wtAPC, or 3K3A-APC). Significance, P ≤ 0.05 All data are expressed relative to c-section control group. Values are mean ± SEM; n = 6-9/group. Statistical analysis, 2-way ANOVA with the 2 independent variables as birth mode (P Birth ; control c-section vs intrapartum asphyxia) and drug administration (P Treat ; saline, wtAPC, or 3K3A-APC). Significance, P ≤ 0.05. Casp3 ( a P Int < 0.01 between saline-c-section and 3K3A-APC asphyxia, b P Int < 0.001 between saline-asphyxia and 3K3A-APC asphyxia, c P Int < 0.05 between wtAPC c-section and 3K3A-APC asphyxia, d P Int < 0.01 between 3K3A-APC c-section and 3K3A-APC asphyxia) All data are expressed relative to the c-section control group. Values are mean ± SEM; n = 6-9/group. Statistical analysis, 2-way ANOVA with the 2 independent variables as birth mode (P Birth ; control c-section vs intrapartum asphyxia) and drug administration (P Treat ; saline, wtAPC, or 3K3A-APC). Significance, P ≤ 0.05. NFκB ( a P Int < 0.05 between saline-c-section and 3K3A-APC asphyxia, b P Int < 0.01 between 3K3A-APC c-section and 3K3A-APC asphyxia); TNFα ( a P Int < 0.01 between 3K3A-APC c-section and 3K3A-APC asphyxia); IL-6 ( a P Int < 0.05 between saline-asphyxia and wtAPC asphyxia, b P Int < 0.05 between wtAPC asphyxia and 3K3A-APC asphyxia); IL-4 ( a P Int < 0.01 between saline-asphyxia and 3K3A-APC c-section, b P Int < 0.05 between 3K3A-APC c-section and 3K3A-APC asphyxia)
Neuropathology
Examination of the H&E-stained brain sections did not reveal any gross morphological changes (i.e., infarcts, cystic lesions) or evidence of intracerebral hemorrhage in any group (data not shown). Representative images of immunostaining for CD11β, GFAP, and TUNEL are shown in Fig. 1 , with quantified results shown in Figs. 2, 3, 4 , and 5.
Microglia and Macrophages
In all 4 brain regions analyzed, there were no significant changes in the number of cells identified by Iba-1-positive after intrapartum asphyxia alone or after treatment with either wtAPC or 3K3A-APC (data not shown). There was a trend for increased numbers of Iba-1-positive cells displaying an amoeboid or activated morphology following intrapartum asphyxia in the corpus callosum ( Fig. 2A ; P Birth = 0.08) and hippocampus ( Fig. 2D ; P Birth = 0.1). Administration of either wtAPC or 3K3A-APC did not alter this outcome. To elucidate this observation further, CD11β (as a marker specific for activated microglia) was assessed.
In the corpus callosum, there was a near-significant increase in the number of CD11β-positive cells (Fig. 1) There was no effect of intrapartum asphyxia on the number of CD11β-positive cells in the DGM (Fig. 3C ), but wtAPC treatment significantly increased the number of these cells following c-section delivery ( Fig. 3C ; P Treat < 0.05). 3K3A-APC administration had no impact of CD11β counts in this region. In the hippocampus, the number of CD11β-positive cells was higher after asphyxia in saline-treated pups compared to the c-section-saline controls; however, this did not reach statistical significance (post hoc P = 0.07). wtAPC decreased CD11β-positive cells in the asphyxiated pups but increased CD11β-positive cells in the c-section-delivered pups, leading to an interaction between birth mode and treatment in the hippocampus ( Fig. 3D ; P Int < 0.05). 3K3A-APC administration did not alter the number of CD11β-positive cells in the hippocampus following either c-section or intrapartum asphyxia (Fig. 3D) . Astrocytes The level of GFAP immunoreactivity (Fig. 1) was significantly higher in the corpus callosum and hippocampus compared to the cortex and DGM (Fig. 4) . wtAPC administration reduced the number of GFAP-positive cells in the corpus callosum, irrespective of mode of delivery ( Fig. 4A ; P Treat < 0.05). In the cortex, increased GFAP was evident at 24 h after intrapartum asphyxia ( Fig. 4B ; P Birth < 0.001), and this was reduced by wtAPC treatment ( Fig. 4B ; P Treat < 0.05), but not with 3K3A-APC. There was no effect of mode of birth or 3K3A-APC treatment on GFAP counts in the DGM or hippocampus (Fig. 4C&D) .
Cell Death In the groups administered saline, intrapartum asphyxia significantly increased the density of dead and dying cells in all 4 brain regions assessed, as indicated by TUNEL immunoreactivity (Figs. 1 and 5 ). In the corpus callosum, there was a trend for a decreased number of TUNELpositive cells after wtAPC and 3K3A-APC administration to the asphyxiated groups, but this did not reach statistical significance ( Fig. 5A ; post hoc P = 0.1). A significant increase in TUNEL-positive cells in the c-section pups administered wtAPC also led to a significant interaction between mode of birth and treatment in this region ( Fig. 5A ; P Int < 0.01). In the cortex, the number of TUNEL-positive cells in the c-section pups administered wtAPC was also increased compared to the saline administered controls ( Fig. 5B ; P Birth < 0.01; P Int < 0.05). In the DGM and hippocampus, the number of TUNEL-positive cells after intrapartum asphyxia was significantly reduced by both wtAPC and 3K3A-APC, compared to saline treatment ( Fig. 5C (P Treat < 0.05, P Int < 0.01) and Fig. 5D (P Treat < 0.05, P Int < 0.05)).
Discussion
To our knowledge, this is the first study to evaluate the therapeutic effects of 3K3A-APC in the neonatal brain. Using newborn spiny mice, we investigated the effects of 3K3A-APC treatment on gene expression and neuropathology following intrapartum asphyxia and compared the outcomes to treatment with either vehicle (saline) or wtAPC. 3K3A-APC administration at 1 h after intrapartum asphyxia improved loss of body weight in the first 24 h after the hypoxic insult. At a gene expression level, 3K3A-APC administration after intrapartum asphyxia decreased mRNA expression of TGFβ1 in the cerebral cortex and Casp3 mRNA in the DGM but increased NFκB and TNFα mRNA expression in the cortex. Histological analysis showed that 3K3A-APC administration prevented asphyxia-induced microglial/ macrophage cell aggregation in the corpus callosum and prevented apoptotic cell death in the DGM and hippocampus. While wtAPC reduced the number of TUNEL-positive cells in the cortex of the asphyxiated pups, administration of wtAPC exacerbated the weight loss over the first 24 h of life. Notably, wtAPC also led to a marked increase in the number of CD11β-positive cells in the 4 brain regions analyzed and increased the number of TUNEL-positive cells in the corpus callosum and cortex of the c-section-delivered pups. These off-target or side effects support findings from other studies that suggest native or wtAPC is inappropriate for administration to neonates [14] . In the current study, the 3K3A-APC variant had more clear-cut protective effects following intrapartum asphyxia.
Neuro-Inflammation and Treatment with 3K3A-APC
In this model, inflammation was evident in the neonatal brain at 24 h after the hypoxic insult. Markers of inflammation included increased mRNA expression of the proinflammatory transcription factors NFκB in both the cortex and DGM and TNFα in the cortex; reactive microglia (as indicated by CD11β-positive cells) in the corpus callosum, cortex, and hippocampus; and astrogliosis (GFAP-positive cells) in the cortex. These outcomes in the spiny mouse model of intrapartum asphyxia are consistent with a large number of studies of neonatal HI injury, implicating immune cell modulation in neuronal injury and repair mechanisms [31] . 3K3A-APC administration prevented reactive microglial (CD11β-positive) cell aggregation in the corpus callosum but increased NFκB and TNFα expression levels and astrogliosis in the cortex of the asphyxiated pups 24 h after the hypoxic ischemic insult. APC is thought to exert antiinflammatory properties through reduction of inflammatory cytokines released from leukocytes and endothelial cells and via downregulation of NFκB expression and activity [7] . Indeed, numerous studies, conducted primarily in adult rodent and cell culture models of stroke and sepsis, have indicated that reducing inflammation is a key feature of APC's cytoprotective properties (see the review of Griffin et al [32] ).
We propose that brain maturation, injury progression, and timing of assessment post injury may account for the differences between previous studies and our data presented here, and that the changes we observed after 3K3A-APC administration may not be deleterious. During gestation and in the perinatal period, inflammation can play a role in both normal brain development, injury progression, and neural repair [33] . Studies have shown that recruitment of microglia in the first few hours following injury is a pro-inflammatory response; however, the presence of reactive microglia in the days following an insult is likely a reparative response, as these cells respond to injury by proliferating, upregulating antigen receptors, and invading the area of injury to phagocytose and remove debris [31, 34] . Previous studies have also shown that astrocytes may play a protective role in the neonatal brain following injury. Reactive astrogliosis in response to cerebral injury is critical to scar formation, and it is thought to function to i) reduce the spread and persistence of inflammatory cells, ii) aid in repair of the blood-brain barrier, iii) decrease tissue damage and lesion size, and iv) decrease neuronal loss and demyelination [35] . Reactive astrogliosis was observed in a mouse model of infection-induced neonatal white matter injury and in human neonatal tissue. In this study, astrocytes appeared to prevent TGFβ1 production by microglial cells, which, in turn, inhibited oligodendrocyte maturation and reduced damage [36] . It is interesting to note that in our current study, 3K3A-APC also reduced TGFβ1 mRNA expression in the cortex. Thus, the ongoing changes in the neonatal spiny mouse brain after the intrapartum asphyxia and 3K3A-APC administration may account for the different responses in inflammatory markers observed in our study, compared to previous in vitro studies of APC [37, 38] .
The timing of injury assessment post asphyxia may also be relevant. In the current study, the level of GFAP staining in the cortex was reduced by wtAPC, but not 3K3A-APC treatment. Previous studies by Hutton et al [17] using this spiny mouse model of intrapartum asphyxia also reported increases in astrogliosis (GFAP-positive cells) with increases in expression in the corpus callosum becoming evident 24 h after insult, but with no significant increase in the hippocampus until 7 days post HI insult. This suggests longer-term assessment of neuroinflammation in this spiny mouse model of intrapartum asphyxia may be needed to provide a more complete picture of the capacity of 3K3A-APC to modulate inflammation-driven neonatal HIE brain injury and repair.
3K3A-APC to Prevent Neuronal Apoptotic Cell Death Following Intrapartum Asphyxia
Both the intrinsic and extrinsic cell death pathways (i.e., mitochondrial membrane-mediated and death receptor-mediated apoptosis) have been implicated in intrapartum asphyxia and neonatal HI brain injury [39] . At 24 h after insult, induction of apoptotic/necrotic cell death pathways was evident in the spiny mouse model of intrapartum asphyxia, with increased HSP70 mRNA expression in the cortex, p53 mRNA expression in the DGM, and marked increases in TUNEL-positive cells within all of the 4 brain regions analyzed with the most pronounced changes in the corpus callosum and hippocampus. This finding is consistent with other clinical studies that central and subcortical regions (i.e., corpus callosum) tend to show greater loss of white matter with HIE [3] . Previous studies of intrapartum asphyxia in spiny mice have also shown increased apoptosis in the hippocampus (CA1, CA2, CA3, dentate gyrus) as well as the corpus callosum, which may contribute to the functional deficits in nonspatial and taskassociated memory, and motor impairments, suggesting the sensory and motor cortex are also affected in this model of intrapartum asphyxia [17] .
APC has been previously shown to downregulate the intrinsic apoptotic pathway through suppression of proapoptotic proteins Bax and P53 [8] . Furthermore, APC upregulates the expression of antiapoptotic proteins such as Bcl2 [40] , preventing pore formation in the mitochondrial membrane through inhibition of pro-apoptotic proteins [41] . In the current study, 3K3A-APC administration ameliorated the increase in TGFβ1 mRNA expression in the cortex and reduced Casp3 mRNA expression in the DGM of the asphyxiated pups; however, there was no impact of asphyxia or of the wtAPC or 3K3A-APC treatments on the Bax/Bcl2 mRNA ratio. Increased Bax protein expression at 24 h post intrapartum asphyxia has been reported in the cortical subplate, thalamus, and piriform cortex of the spiny mouse, suggesting assessment of translational changes rather than mRNA might be more appropriate after 24 h of injury progression [18] . Importantly, both 3K3A-APC and wtAPC reduced the number of TUNEL-positive cells in the DGM and hippocampus. Notably, 3K3A-APC administration at 1 h after resuscitation from intrapartum asphyxia also improved loss of body weight in the first 24 h after the hypoxic insult, which is likely to be secondary to reduced feeding and therefore reflects the general well-being of the newborn spiny mice. The amelioration of cell death by 3K3A-APC administration is consistent with previous studies of APC focused on neonatal brain injury [12, 13] .
Potential Adverse Effects of wtAPC Administration to Uninjured Offspring
In the asphyxiated pups, while wtAPC reduced TUNELpositive cells in the DGM and hippocampus, and CD11β-positive cells in the cortex and hippocampus, administration of wtAPC exacerbated the weight loss over the first 24 h of life. Treatment of control pups with wtAPC also had the adverse effects, with increased numbers of CD11β-positive cells in all 4 brain regions analyzed, as well as increased TUNELpositive cells in the corpus callosum and cortex. These findings suggest a pro-inflammatory effect with increased cell death in the uninjured brain and add to the concerns about the use of wtAPC in neonates [14] .
It should be noted that previous rodent studies investigating the benefits of APC for either perinatal ischemic/reperfusion brain injury or adult ischemic stroke (reviewed by Isobe et al [42] ) have not routinely included a no-injury group treated with APC in its native form, as we have done here. We are therefore unable to comment on whether the adverse outcomes reported in the c-section cohort of the current study are specific to the newborn spiny mouse brain and the growth and maturation that occur at this time, or whether wtAPC actually leads to inflammation and cell death in the uninjured perinatal brain. Nevertheless, this observation is important because it indicates the potential for APC in its native form to compromise the developing brain. APC's ability to mitigate increases in NO production that occur during ischemia/ reperfusion is 1 proposed mode of neuroprotection following injury [43] . However, it is possible that suppression of NO in the absence of injury could alter vascular tone and oxygen availability leading to ROS production and cell death in otherwise normal tissue. Such negative impacts of altered NO production in the absence of injury have been reported in rodent studies of antioxidant treatment using vitamin C [44] [45] [46] . As in the current study, these studies did include a no-injury group and reported vascular endothelial dysfunction later in life in offspring exposed to vitamin C in the absence of hypoxia [44] [45] [46] . Interestingly, wtAPC decreased astrogliosis in the corpus callosum and cortex irrespective of the mode of birth, despite the effect it had of increasing CD11β-positive and TUNEL-positive cell counts in the c-section controls. The reduction of GFAP by wtAPC in the presence of increased inflammatory cells and cell death raises the possibility that an important neural repair process may have been disrupted. These studies together with our results highlight the need to include appropriate control groups in preclinical animal studies.
Strengths and Limitations
This study used the precocial spiny mouse to study the effects of intrapartum asphyxia on the brain [17] [18] [19] [20] [21] [22] . The spiny mouse differs from conventional laboratory rodents (mice, rats) in that considerable brain maturation (including the beginnings of myelination) occurs in utero before birth [47] ; hence, acute hypoxia delivered during the intrapartum period can be used as a model of oxygen starvation that occurs at birth in some human pregnancies. This study also directly compared the therapeutic potential of both wtAPC and 3K3A-APC within the same cohort of animals.
A limitation of the study is that observations were made at only 1 time point (24 h) after the HI insult at birth. While this was an opportune time to assess neuropathology in our model, it was potentially too late to thoroughly investigate changes in cytokine mRNA expression definitively. This may have contributed to some of the differences in NFκB expression observed in this study compared to previously published studies on adult stroke. It is well known that HI brain damage evolves over many hours and days in human neonates, and the socalled Bsecondary^and Btertiary^phases of brain damage contribute substantially to the long-term neurodevelopmental deficits. Therefore, the full impact of either wtAPC or 3K3A-APC on the perinatal brain remains to be investigated.
Conclusion
Immunomodulation and apoptotic/necrotic cell death are mechanisms associated with the pathophysiology of neonatal hypoxic ischemic encephalopathy. In this spiny mouse model of intrapartum asphyxia, 3K3A-APC has a therapeutic potential in ameliorating cell death, without inducing any adverse effects, whereas the native or wild-type APC is less effective and has some untoward effects in the undamaged neonatal brain. 3K3A-APC should therefore be investigated further as a potentially useful drug to ameliorate damage to the neonatal brain following intrapartum asphyxia.
